(MWS) , a business group of Smit Transformatoren BV, has recently developed a very efficient magnet for wastewater treatment.
The magnet is the core element of a complete system to eliminate phosphates, heavy metals and other pollutants from wastewater. The system is based on the attachment of wastewater pollutants to a magnetic carrier material (magnetite) and a subsequent magnetic separation of the magnetite-pollutant conglomerates. After separation, the magnetite is recovered and re-used in the process. Main advantages of the magnetic separation process are:
• high elimination performance • low power input for magnet operation • compact process • low space requirements • no clogging because of open matrix structure.
The development of the magnetic system has been focused on the phosphate-removal from effluents of sewage treatment plants. Being a tertiary treatment, magnetic phosphate removal can be applied after any type of sewage treatment and it does not interfere with the biological process. Pilot plant tests at various sewage works showed that magnetic separation reduces the total-phosphate concentration to values as low as 0.1-0.5 mg/l. The system will be demonstrated in two full-scale plants with a capacity of 300 m ' /h and 600 m ' /h, respectively. The costs of magnetic phosphate removal (Dfl. 12, -to 18, -) are competitive with those of other phosphate removal techniques. The development of the magnetic phosphate removal system is granted by the Dutch Ministries of Housing, Physical Planning and Environment, Economic Affairs and Transport and Public Works.
INTRODUCTION
Separation is an essential unit in water treatment facilities. If separation is the final step, it even determines the overall system efficiency.
Many separation systems are in use, including sedimentation, filtration, centrifugation and flotation. Amongst them, magnetic separation is a rather new and unknown process, although a number of reports have been published on the subject (Bitton et aI, 1974; Bolto et aI, 1975; Dolle, 1986; Faseur et aI, 1986; de Latour et aI, 1976) . The main reasons for the late introduction of magnetic separation in wastewater treatment is the poor magnetic susceptibility of the pollutants to be removed from the water and the consequent need for specific magnetic separation systems. Important potentials of magnetic water treatment systems are:
• high separation efficiency • low electrical power demands • low space requirements • incorporable in many wastewater treatment systems.
Combining the potentials of magnetic separation in environmental technology and the extensive in-house experience with magnetic systems in transformers, Smit Nymegen has initiated a business unit to develop and manufacture magnetic wastewater treatment modules. In this presentation the Aquamag magnetic separation concept will be presented and evaluated.
THEORETICAL BACKGROUND
Magnetic separation is a method for separating particles from a fluid on the basis of their magnetic properties.
It has to be emphasized that only particulate material can be magnetically separated out.
This can be achieved by the use of preliminary treatment, for example adsorption, coagulation/ flocculation and precipitation. Furthermore, the particles to be separated must possess magnetic properties.
Most wastewater components, however, have only little susceptibility, if any at all. These components and particles have to be attached to a magnetic carrier material. A much used magnetic carrier material is magnetite (Fe,o.) .
The behaviour of magnetic particles in a magnetic field is described in the literature (Van Kleef, 1984; Watson, 1975 ). Obviously, the magnetic velocity must be sufficiently high to separate out the particles when the water passes the magnet. At too high velocities some of the particles will not reach the matrix and are not trapped. As a result the separation efficiency decreases. If a magnetic carrier material is used, as is the case in magnetic wastewater treatment, it is essential that the binding forces between the particles to be removed and the carrier material exceed the hydrodynamic forces which are exerted on the particle by the fluid. If not, the components to be removed will be disrupted from the magnetic carrier and pass the magnet. The attachment depends on the components to be eliminated and is governed by colloIdal and chemical forces. 
THE SEPARATION MAGNET TYPE AQUAMAG
Most magnets used for separation processes in water technology are of the flat cylindrical type. The separation chamber is situated inside the cylindrical coil. Coil and chamber are enclosed by the magnetic circuit in the shape of a cylindrical box with flat bottom and top. The bottom and top plates of the magnetic circuit are both perforated in order to leave passage for the water to be treated. In designing such a system emphasis has to be put on the shape of the perforations to avoid clogging and to ensure a successful ""flushing.
The most important disadvantage of the flat box system is the relatively high power consumption to generate a magnetic field strength in the range of 0.1-0.5 T (tesla) , because the dimensions of the coil are large in comparison to the total magnetic flux generated.
To overcome these difficulties Smit Nymegen has developed a magnet which meets the specific use in wastewater treatment processes, the Aquamag-magnet.
The design of the Aquamag-magnet is based on two main principles.
1. The use of a magnetic flux generator, the dimensions of which are not directly governed by the volume of the separation chamber. The flux generator consists of a core and a coil. The coil is always magnetised up to saturation, which leads to minimum coil dimensions and consequently to a low power consumption.
2. Integration of the flushing medium storage volume inside the magnetic circuit. Since the separation chamber is also situated inside the magnetic circuit, there are no obstacles between the flushing medium and the matrix inside the separation chamber which has a clear positive effect on the flushing efficiency.
The Aquamag-magnet is shown in fig. 1 . fl ushing-medium discharge low-gradient area Fig. 1 .
Cross-section of Aquamag-magnet.
The metal enclosed coil is situated around the upper part of the core. The magnetic flux passes via the cover to the housing. The main part of the flux crosses over to the lower part of the core through the separation chamber, which is equipped with a matrix. Pretreated wastewater is pumped into the magnet via a central hole in the cover and the core and is forced to pass the separation chamber upwards.
In the separation chamber with the high-gradient matrix the magnetic particles are eliminated from the water. When the matrix has filled up to 70-80% of the separation chamber volume, the coil is switched off and the entry and discharge valves are closed. By applying compressed air the flushing water is pressed through the matrix with a high velocity and discharged through the rapid-action valve at the bottom of the magnet.
Loading the matrix will take 20 to 40 minutes; the complete flushing procedure takes less than one minute.
Besides the above-mentioned principle advantages, the Aquamag-magnet is characterised by a number of additional features.
-The matrix has a very open structure, which makes the system insensitive to particles as large as 10 mm.
-The matrix can be inspected and replaced easily by lowering the bottom part of the magnet. -The coil is cooled by the passing effluent and needs no additional forced cooling. -The matrix configuration results in a high separation efficiency, 90-98% . -The power consumption of the magnet is very low, 0. 02 kWh/m'. From the mixing/flocculation tube the water flows directly into the magnet. After saturation of the filter matrix, the magnet is back-washed. The magnet flushing medium is collected in a small tank under the magnet. From this collection tank the flushing medium is pumped on to the magnetite recovery unit. c. Magnetite-recovery unit.
COMPLETE MAGNETIC SEPARATION SYSTEMS
In this unit the magnetite is uncoupled from the phosphate containing particles by means of shear forces, e. g. generated with an ultrasonic transducer element. Thereafter, magnetite is selectively separated from the medium by means of a magnetic drum separator. The remaining product, a suspension of calcium phosphate carbonate in water, is handled depending on its final re-use.
RESULTS
The magnetic phosphate removal concept has been tested with a 5 0 m'/h prototype plant and a 20 m'/h transportable pilot plant at various sewage works. Characteristic results of these tests are summarized in table 1. Important operational conclusions of the tests are the following.
• The use of recovered magnetite in the magnetic separation process has no significant influence on the P-removal efficiency of the system.
• Total magnetite loss is approx. 1% of the added magnetite. Half of this is lost with the effluent, while the other half leaves the system with the calcium phosphate by-product. The total magnetite loss can be reduced further.
• When lime is used for precipitation, pH-neutralisation of the effluent may be necessary, depending on the regulations for the receiving water body.
pH-neutralisation can be carried out with mineral acids and with gaseous carbon dioxide.
• The yield of by-product of magnetic phosphate removal is in the range of 12-24 kg dry solids per population equivalent per year. The by-product meets the quality standards put on lime-fertilizers in the Netherlands.
• The lime-dosage for P-removal is site-specific and is directly related to the hardness of the water and the sewage treatment plant operation. At sewage treatment plants producing effluent with a high lime-demand a CO2-stripping unit could be installed to reduce the lime-dosage.
• The selection of the optimum system concept is governed by the operational costs of chemicals and by-product sales profit or discharge costs.
COSTS
The costs of magnetic phosphate removal the frame-work of a study to assess the all available techniques (DHV, 1990) . calculations are shown in fig. 3 . are recently evaluated in phosphate-removal costs of The results of the cost Fig. 3 shows that the costs of magnetic phosphate removal with lime are in the range of Dfl. 15 -17 / p.e., year. These costs are in the same order of magnitude or lower than those of other techniques under comparable conditions and requirements (DHV, 1990 ). It appears that the costs are virtually independent of the phosphate concentration of the water to be treated. On the other hand, fig. 3 shows that the costs of magnetic phosphate removal with iron chloride do increase with increasing phosphate concentrations, due to an increase in the iron chloride consumption and in the production of iron-phosphate sludge that has to be handled and dumped. The phosphate concentration threshold level, below which the use of iron chloride is economically attractive over the use of lime, is approx. 5-6 mg/l.
POTENTIAL OTHER APPLICATIONS
Besides phosphate-removal, magnetic separation can also be used for the elimination of other contaminants from water. In principle, all substances that can be effectively attached to a magnetic carrier material can be separated out. water. Depending on the chemical used (lime, sodium hydroxide or caustic soda) and the water composition, calcium concentrations after magnetic softening are in the range of 10 to 50 mgtl.
The above examples illustrate the broad application potentials of magnetic separation in environmental technology.
